Alzheimer's disease (AD) is a chronic neurodegenerative disease characterized by the accumulation of amyloid plaques and neurofibrillary tangles in the brain. The AD pathophysiology entails chronic inflammation involving innate immune cells including microglia, astrocytes, and other peripheral blood cells. Inflammatory mediators such as cytokines and complements are also linked to AD pathogenesis. Despite increasing evidence supporting the association between abnormal inflammation and AD, no well-established inflammatory biomarkers are currently available for AD. Since many reports have shown that abnormal inflammation precedes the outbreak of the disease, non-invasive and readily available peripheral inflammatory biomarkers should be considered as possible biomarkers for early diagnosis of AD. In this minireview, we introduce the peripheral biomarker candidates related to abnormal inflammation in AD and discuss their possible molecular mechanisms. Furthermore, we also summarize the current state of inflammatory biomarker research in clinical practice and molecular diagnostics. We believe this review will provide new insights into biomarker candidates for the early diagnosis of AD with systemic relevance to inflammation during AD pathogenesis. [BMB Reports 2020; 53(1): 10-19]
INTRODUCTION
Alzheimer's disease (AD) is one of the most prevalent neurodegenerative diseases with progressive and irreversible pathogenesis. Numerous studies have suggested that AD pathogenesis is associated with not only abnormal cerebral function but also changes in central and peripheral immune system. Specifically, it is characterized by neuroinflammation (1, 2) . Activated microglia are one of the early hallmarks of AD pathogenesis (3) . Numerous reports have shown over-activation of microglia (4, 5), activated complement system (6) , increased production of cytokines (7) and chemokines during AD pathogenesis, and some of them were suggested as diagnostic biomarkers (8, 9) . Recently, immune-related pathophysiological mechanisms were discovered during AD pathogenesis, including innate immune cell infiltration and altered brain-gut axis as well as microglial and astrocyte activation (10, 11) which play a role in peripheral immune dynamics and act as possible biomarkers for disease.
Various inflammatory molecules are affected by AD pathogenesis, with abnormal levels in different brain regions (12, 13) . Amyloid beta (A) and amyloid precursor protein (APP) induce cytokine and chemokine release from microglia, astrocytes, and neurons; chemokine and cytokines also promote the expression and deposition of amyloid beta, which activates the vicious cycle (14) . Furthermore, neuroinflammation may be an early event and plays a critical role in tau pathology, characterized by microglial activation preceding tau tangle formation. Immunosuppression ameliorated tau pathology in P301S transgenic mice (15). Also, peripheral levels of inflammation-related cytokines change during AD pathogenesis and are significantly correlated with disease progression (16) (17) (18) . Therefore, the crosstalk between abnormal events in the central compartment, involving neuronal dysfunction and microglial activation, and peripheral immune system is critical for the understanding of the mechanism of AD pathogenesis (19) .
In this review, we discuss various inflammation-related molecules, especially those altered at the peripheral level, and suggested their potential role as risk factors, diagnostic markers and therapeutic targets in AD. Even though it is ambiguous whether inflammatory cytokines are related to the cause or effect of AD pathogenesis, a better understanding of these molecules during AD pathogenesis can lead to a therapeutic breakthrough against AD.
were identified as IL-1 and IL-1 encoded by two different genes IL-1A and IL-1B, respectively (23).
Elevated IL-1 was reported not only in acute injuries but also in a number of chronic neurodegenerative disorders (24, 25). IL-1 levels are markedly overexpressed in the brains of patients with AD (26), mainly in microglia (26). Increased IL-1 level is related to A plaque formation, tau phosphorylation, and neurofibrillary tangle formation via activation of MAPK-P38 (27). Also, IL-1 has been reported to modulate neurons in hippocampus (28) and trigger age-related impairment of long-term potentiation (29). In vitro and in vivo experiments demonstrated that the secreted APP induced IL-1 overexpression from microglia, which suppressed cholinergic function by enhancing the expression and activity of acetylcholinesterase (AChE) (30), suggesting a possible mechanistic event relevant to cholinergic dysfunction in AD. In a recent report, peripheral changes in blood AChE level were also detected in cognitively normal individuals with cerebral amyloid deposition (31). This phenomenon might be possibly associated with altered cytokine release, including IL-1, during AD pathogenesis. Furthermore, several genetic variants in IL-1 are associated with an increased risk for AD depending on the ethnic groups or ApoE genotypes (32, 33), which reinforce the strong relationship between IL-1 and AD pathogenesis. Additionally, IL-1 interacts with several products of known genetic risk factors for AD, including ApoE, 2-macroglobulin, 1-antichymotrypsin and APP (33), suggesting implications for AD pathogenesis.
Increased IL-1 was detected in the blood of patients with AD (7, (34) (35) (36) (37) (38) . Increased levels of both IL-1 and IL-1 have also been reported in the serum of AD patients; however, no changes in cytokine levels were detected in the serum of patients with mild cognitive impairment (MCI), compared with healthy control (39). Further, evidence is not sufficient to suggest that the elevated plasma IL-1 level in AD was caused by peripheral immune activation during AD pathogenesis (35). Instead, the increased levels of circulating IL-1 might be attributed to the central alteration during AD (35). Unfortunately, in other studies, no differences in blood IL-1 levels have been detected between controls and AD patients (40-43). Results of blood IL-1 level in MCI are also disputed, suggesting an increase compared with healthy controls in a few studies but not others (37, 39). These contradictory results might be attributed to differences in the sensitivity of diagnostic and screening tools, low levels of IL-1 in the blood or altered IL-1 level in only a subpopulation or specific stage of AD patients.
IL-6
IL-6 levels are elevated in the brains of AD patients (44) and are linked to diffuse plaques representing the early stage of plaque formation (45). A has been shown to induce IL-6 expression in microglia and astrocyte culture system (46). Significant correlations between IL-6 levels in CSF and in matched blood samples were observed (47, 48), and the elevated level of plasma IL-6 was detected in mild cases of AD (48) . AD-related increase in blood IL-6 level has been reported in other studies as well (7, 35, 38, 48, 49) .
However, other studies failed to show consistent results of increased IL-6 levels in the blood (40, 43, 50, 51), CSF (7, 40, 52, 53) or brain (40). Further, decreased IL-6 levels were reported in serum (54) and in CSF (54, 55) of AD patients. In addition, lipopolysaccharide-induced IL-6 release from blood cells was significantly reduced in moderate AD (36). These conflicting results involving peripheral cytokine levels, including levels of IL-6 and IL-1, dispute the role of cytokines in AD pathogenesis. Nonetheless, reports suggesting the modulation of AD susceptibility based on specific IL-1 or IL-6 gene polymorphism demonstrate the important role played by these cytokines during AD pathogenesis (56) (57) (58) . Especially, specific IL-1 gene polymorphisms are strongly correlated with the increased risk for AD possibly via altered modulation of IL-1-induced neurodegeneration (58) .
TNF-
The pro-inflammatory cytokine tumor necrosis factor (TNF)  is a critical mediator of inflammatory response in diverse tissues and is secreted by diverse cell types including astrocytes and microglia in brain (53) . This cytokine is secreted during both acute and chronic systemic inflammation involving immune system and the brain (59) .
TNF- is one of the most well-defined cytokines during AD pathogenesis because TNF- level is strongly correlated with cognitive decline, neuronal toxicity and cerebral apoptosis. Increased TNF- levels were found in different anatomic locations of brain in AD patients (60) . Also, mild-to-severe AD patients with increased serum TNF- level showed a 2-fold increase in the rate of cognitive decline and a high baseline TNF- level was related to a 4-fold increase in cognitive decline (16).
Evidence suggests that the pathological hallmark A induces microglial activation and TNF- release (61) and this TNF--related inflammation plays a deleterious role in neuronal death (62) . TNF- release from microglia, astrocytes and neurons during AD pathogenesis is a chronic event (63) and altered levels of TNF- in the brain might induce changes in the peripheral levels of TNF-. Numerous reports suggest evidences for alteration of TNF- level in biological fluids from AD patients (64) . In CSF, an average 25-fold increase of TNF- level has been reported in AD compared with control (65). In the periphery, the increased levels of blood TNF- have been widely reported in various studies including MCI and AD patients and were strongly associated with the rate of cognitive decline (7, 16, 43, (66) (67) (68) . Meanwhile, no changes in TNF- level were reported in another study using serum (42, 53) or CSF (7, 40, 52) . Instead, a lower TNF- level has been reported in the blood of AD patients compared with age-matched control subjects in a study of patients with earlyas well as late-onset AD (34). Also, TNF- release from blood cell following lipopolysaccharide exposure was shown to decrease significantly in moderate AD (36), Probably, the blood TNF- level may be associated with a wide range of individual variation and reflect disease-dependent alteration (64) .
IL-12
IL-12 is a proinflammatory cytokine secreted by activated macrophages, monocytes, and glial cells via Toll-like receptor activation (69, 70) and its dual potential for pro-and antiinflammation activity has been shown in a previous study (71) . During AD pathogenesis, the IL-12 level in CSF is reduced in AD patients compared with neurological control patients (72) . Also, another study reported increased IL-12 levels in the blood of patients with mild and moderate AD (7) while severe AD suppressed plasma IL-12 levels (18), which might possibly suggest the potential for dual activities. A recent report demonstrated the inhibition of IL-12/IL-23 pathway via genetic ablation or pharmacological manipulation resulting in a drastic reduction of cerebral amyloid pathology and cognitive deficit (73) . Indirect evidence supporting the role of IL-12 during AD pathogenesis is based on A immunization in a mouse model of AD with reduced amyloid burden along with decreased expression of the IL-12R1 receptor in T cells (73, 74) . All these results suggest the potential role of IL-12 in neurodegenerative disease including AD.
ANTI-INFLAMMATORY CYTOKINES IN AD

IL-4
IL-4 is an anti-inflammatory cytokine neutralizing the pro-inflammatory action. IL-4 inhibits the secretion of IL-1, IL-6 and TNF- by activated monocytes (75) . Despite the absence of differences between AD and control subjects in terms of peripheral concentration of IL-4 (7) , the blood IL-4 level is closely associated with cognitive decline in AD (17). In this study, AD patients with rapid cognitive decline showed a significant increase in blood IL-4 level compared with those representing a slow decline. More interestingly, the peripheral levels of IL-4 and IL-1 are altered by treatment with acetylcholinesterase inhibitor (AChEI), showing increased IL-4 and decreased IL-1 (76, 77) . Recently, it has been reported that AChEI-treated AD patients showed an increase in the peripheral levels of AChE, demonstrating the connection between central AChEI action and peripheral synchronization (31). Therefore, it is possible that the beneficial effects of AChEI treatment in AD patients may not be limited to the central compartment but also mediated via peripheral changes in inflammation mediated by IL-1 via IL-4.
IL-10
IL-10 is an anti-inflammatory cytokine, which reduces inflammation during AD pathogenesis. Increased IL-10 level has been reported in the brains of patients with neurological diseases including Alzheimer's disease (78) and also in the serum of patients with AD and vascular dementia compared with healthy controls (38) while no change was detected in AD in another study (7, 43) . Peripheral IL-10 is another candidate biomarker of disease progression and is strongly associated with clinical status and imaging parameters of disease severity (17). Similar to IL-4, AD patients with increased levels of blood IL-10 exhibit rapid cognitive decline compared with those demonstrating a slow decline (17). Also, the IL-10 level was associated with brain atrophy in MRI measurements during AD (17). Possibly, the anti-inflammatory cytokines, including IL-4 and IL-10, may be regarded as a compensatory mechanism during pathogenesis. A strong compensatory mechanism may imply severe pathological lesions.
THE ROLE OF INTESTINAL CYTOKINES (BRAIN-GUT AXIS) IN AD
Gut microbiota play an important role in host metabolism and physiology and influences not only the immune system but also the nervous system related to brain development and cognitive function (79, 80) . Several recent studies have demonstrated the importance of gut microbiota composition in AD pathogenesis and the role of gut microbiota has emerged as the new field in AD-related neurodegeneration (81) . Furthermore, microbiota in gut play a key role in peripheral immune cell activation and cytokine secretion during the inflammatory cascade in the periphery and central nervous system-related disruption of gut barrier and blood-brain barrier (81) . Therefore, neuroscientists have expanded the scope of studies investigating neuroinflammation in brain to include systemic inflammation involving the brain-gut axis during AD pathogenesis.
The mouse model of AD indicates altered composition of gut microbiota compared with that of healthy wild-type mice, in addition to loss of gut epithelial barrier integrity, chronic systemic and intestinal inflammation (11) . A previous study demonstrated that the direct transfer of fecal microbiota from wild-type to AD mouse models ameliorated not only amyloid and tau pathology but also cognitive dysfunction, and the underlying mechanism entailed recovery of intestinal macrophage activity and circulating Ly6C＋ monocytes (11) . Another study showed that the altered composition of gut microbiota via probiotic formulation in AD mouse models reduced the plasma levels of pro-inflammatory cytokines, IL-1, IL-1, IL-2, IL-12, IFN and TNF-, which were higher in AD mouse models compared with levels in healthy wild-type mice (82) . Also, probiotic treatment increased the levels of anti-inflammatory cytokines, including IL-4, IL-6, G-CSF, GM-CSF, and downregulated inflammatory cytokines. Partial restoration of impaired neuronal proteolytic pathways and decreased cognitive impairment suggest that inflammationrelated cytokines are important modulators of brain gut axis http://bmbreports.org BMB Reports during AD pathogenesis.
POTENTIAL USE OF BLOOD IMMUNE CELLS AS BIOMARKERS FOR AD
Peripheral changes in blood circulation have been known to impact brain function. However, due to the failure of various protein-based circulating blood biomarkers, recent studies investigated cell-based biomarkers. Blood immune cells are potential biomarkers in AD. These white blood cells are classified according to cell lineage (myeloid or lymphoid cells) and are further divided into specific cell types such as T lymphocytes, B lymphocytes, and natural killer cells derived from the common lymphoid progenitor cells, and monocytes, eosinophils, neutrophils, basophils, erythrocytes, mast cells, and thrombocytes originating from common myeloid progenitor cells (83) . Accumulating evidence suggests that these immune cells play an important role in AD pathogenesis, for e.g., migration of neutrophils traversing the BBB into the brain targeting amyloid plaques (10), recruitment of monocytes/ macrophages via CCL2 or CX3CL1 to the sites of inflammatory response (84) , and changes in regulatory T lymphocyte profiles (85) and amyloid-beta peptide autoantibodies from B lymphocytes (86) . We discuss the potential immune cell-associated blood biomarkers to provide novel insight into blood-based biomarkers beyond the circulating biomarker candidates reported previously.
Changes in the peripheral profile of blood immune cells
The changes in blood cell profile of AD have yet to be fully investigated; however, several reports showed altered peripheral profile of blood cells in AD. Chen et al. (2017) reported that the blood cell population was associated with AD pathogenesis in 92 AD patients and 84 cognitively normal controls (age and sex matched). The population of lymphocytes and basophils decreased in AD patients compared with normal controls; however, there were no changes in the levels of other white blood cells such as neutrophils, monocytes, and eosinophils (87) . Another study reported similar results suggesting that the population of resting regulatory T lymphocytes (Treg) decreased significantly in the AD group compared with that of cognitively normal group (85) . Although these studies did not reveal any changes in myeloid cell profile except for basophils, other studies showed an increase in the number of monocytes in the blood (88) and decreased CCR2＋ monocytes (89) in AD brain, suggesting that monocytes are possible AD biomarker candidates. Furthermore, Richartz-Salzburger et al.
(2007) also reported that T and B lymphocytes are significantly downregulated in subjects with clinically diagnosed AD compared with cognitively normal participants (90) . Even if few studies reported the diagnostic sensitivity or specificity of blood immune cell population for AD, the published studies demonstrate the possible role of peripheral immune cells as one of the candidate biomarkers for AD.
COMPLEMENTS AS BIOMARKERS FOR AD
The complement system plays an important role in innate immune response (91) and in the regulation of AD risk factors inducing neuronal death (92) . A preponderance of evidence derived from genetic, proteomic, and immunological studies suggests that the system is relevant to AD pathogenesis. http Genetic profiles determined using genome-wide association studies (GWAS) reveal the relationship between AD risk and genes associated with the complement cascade, such as single nucleotide polymorphisms (SNP) involving clusterin (CLU) and complement receptor 1 (CR1) (93, 94) . C1q and C3 components bind to amyloid beta plaques and activate the classical and alternative complement pathways (92, 95) . Previous studies have shown that the levels of complement system components in plasma in AD were altered compared with that of normal controls, such as complement factor H (FH), clusterin, plasma factor I (FI), C4d, iC3b, Bb, and iC3b (96) (97) (98) (99) . Here, we discuss the role of reliable blood-based biomarkers using the complement cascade components.
Genetic profile of the complement system
Emerging evidence derived from genetic studies suggest that the components of the complement cascade are strongly associated with AD pathophysiology (100) (101) (102) . Recent GWAS demonstrated the existence of many SNPs for genes associated with the complement pathway related to AD, such as CLU, CR1, SERPINA3, CRP, C2, CFH, C3, and C4 (91, (102) (103) (104) (105) .
Especially, the CLU, also known as apolipoprotein J (ApoJ), and CR1 genes are the major risk genes associated with late-onset AD (LOAD) (102, 106) . The three representative SNPs in the Clu gene include rs11136000, rs2279590, and rs9331888 (105) . Interestingly, the rs11136000 SNP is observed in Asian and Caucasian populations, and the two populations exhibit similar genetic risk (Asian, OR = 0.85; Caucasian, OR = 0.82) (107, 108). The rs2279590 SNP showed significant correlation with the degree of brain amyloid plaques (109) , and the rs9331888 polymorphism is linked to the levels of CLU in blood plasma (110) . The CR1 gene, which is mainly expressed in human erythrocytes, encodes CR1 protein to facilitate amyloid-beta clearance mediated via C3b (111) . The major polymorphisms of CR1 gene include rs6656401, rs4844609, and rs3818361 (102, 112) . Several studies have investigated the specific roles of these SNPs.
Plasma levels of complement cascade-related molecules
Since both CLU and CR1 are the major risk factors involved in AD, they play key roles in neuro-inflammation and innate immunity (91) . The relationship between CLU protein and http://bmbreports.org BMB Reports amyloid-beta peptide has been reported, such as the ability of CLU in amyloid beta clearance (113) . Blood CLU levels were drastically increased in AD patients compared with cognitively normal controls (114) , and similar results were published by another group suggesting that the plasma levels of CLU increased in participants with cognitive decline and in AD patients in longitudinal follow-up, but not in CSF samples (115) . Plasma CR1 levels were not related to the clinical diagnosis of AD. However, the levels of rs4844609 and rs6656401 SNP carriers were slightly increased compared with that of CR1 without the SNPs (112, 116) . Cerebrospinal fluid (CSF) levels of CR1 also did not show any differences between the different cognitive stages of AD (117) . Plasma levels of C3 and C4 were not much in evidence; however, Bennett el al., (2012) showed that the levels of C4a protein were enhanced in AD participants compared with cognitively normal subjects. Thambisetty et al. (2011) reported the association of C3 and C3a protein with brain atrophy in AD subjects (99, 118) . Plasma C-reactive protein (CRP) levels are relatively well known, but there have been some contradictory results suggesting the reduced levels of plasma CRP in AD (119) . However, other studies suggest higher plasma levels of CRP in AD or subjects with cognitive decline (120) (121) (122) .
CONCLUSION
Here, we discussed a variety of inflammatory mediators such as pro-and anti-inflammatory cytokines, intestinal cytokines, peripheral immune cells, and complement cascade-related molecules ( Fig. 1 and Table 1 ). Reports regarding peripheral cytokine levels show very inconsistent results in various studies. The studies involving IL-1, IL-6 and TNF- need to be validated using large-scale population cohorts. Recently, a combination of protease and phosphatase inhibitors has been used to detect low levels of blood biomarkers in AD (123) . Effective detection of low levels of blood biomarkers might greatly facilitate the detection of low levels of cytokines in the blood. Furthermore, AD pathogenesis can alter diverse physiological systems, including neuronal function, brain structure, immune dynamics, brain-gut axis, and metabolism. Therefore, a single biomarker may not be adequate to delineate the pathophysiology of AD completely. Instead, a combination of multiple markers representing different stage of disease progression is the best strategy. Immune cell profiles and complement cascade play a potential role in providing novel insight into blood-based biomarkers compared with circulating protein biomarkers reported previously, although further validation is needed. Although the use of inflammatory mediators as peripheral AD biomarkers has yet to be established, further studies are needed given the link between inflammation and AD. Interleukin-6 is present in early stages of plaque formation and is restricted to the brains of Alzheimer's
